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Abstract
One of the key issues addressed by our group was pressure drop in long horizontal wells and its influence on well performance. Very little information is available in the literature on flow in pipes with influx through pipe walls. Virtually all of this work has been in small diameter pipes and with single-phase flow. In order to address this problem new experimental data on flow in horizontal and near horizontal wells have been obtained. Experiments were conducted at an industrial facility on typical 6 1/8 ID, 100 feet long horizontal well model. Our new data along with available information in the literature have been used to develop new correlations and mechanistic models. Thus it is now possible to predict, within reasonable accuracy, the effect of influx through the well on pressure drop in the well.
New ways of coupling reservoirs with non-conventional wells have been developed. These techniques can be used both for analytical and numerical reservoir treatment. We have demonstrated the use of these new models for predicting well productivity index, well index for simulation, well to well interference and optimum well length. A preliminary version of a new numerical model (reservoir simulator) has also been developed. This simulator allows the use of flexible grids. With further developments, this approach will lead to much greater reliability of non-conventional well predictions than is possible with currently available commercial simulators.
Another key area addressed in this work is the problem of coning and cresting of water or gas towards a horizontal well that is intended for producing oil. Such problems require extremely fine grid, which leads to huge computer times for computations. Analytical models have been proposed for handling such problems. We have developed a new analytical model that is superior to all previous models, but we have shown that even this model is of very little value in actual field applications. A more practical approach is to develop correlation based on carefully conducted simulations. A very practical such correlation has been developed.
We have also developed a procedure for obtaining the optimum grid for the simulation of cresting problems.
Reports in the literature, based on extensive surveys of operating horizontal wells, have shown that existing tools yield highly unreliable predictions. We have conducted a systematic study to answer the question:
Why is it so hard to predict the performance of horizontal wells? Our results have shown that one of the most important causes of poor predictions is the improper handling of geology near the well.
As shown in this report by the highlights of some of the work completed under this project, significant progress has been made towards improving tools for predicting performance of horizontal wells. We have also identified several important problems that remain.
Executive Summary
Major contributions in each of the areas addressed in our research are identified in this summary. The report does not discuss all of the projects completed under this contract. It only provides highlights of some of the projects.
Analytical Techniques: Developed analytical solutions for single-phase fluid flow into horizontal and multilateral wells for transient and pseudo-steady state conditions. Pressure drop in the well was included in the model. These models can be used for predicting well productivity index (PI) and the well index (WI), which is required in reservoir simulation.
A semi-analytical technique was developed for calculating the critical cresting rates for horizontal wells.
Simulation Techniques: Developed techniques for accurate modeling of multiphase flow into horizontal wells in geologically complex reservoirs. These include flexible and streamline grids. A new scale-up method based on the concept of dissipation energy and streamtubes was also developed. Based on extensive simulation runs, simple correlations were developed for quick estimation of breakthrough time, maximum oil rate, and post breakthrough behavior (WOR or GOR).
Wellbore Pressure Drop: Conducted more than 1000 large-scale two-phase wellbore flow experiments in a full size wellbore model at the Marathon Petroleum Technology Center. Pressure drop, liquid holdup, and flow pattern data in horizontal wells were obtained. A mechanistic flow model for well flow was developed.
Applications: Applied techniques developed on practical problems. Investigated innovative applications of horizontal wells for primary production, water injection, and EOR. A practical problem was considered to assess the sources of errors in predicting horizontal well performance. The crucial role of geological heterogeneity near the well was demonstrated.
Experimental Work: Conducted experiments to investigate the gravity drainage process during gas injection. Horizontal wells were simulated both for injection and production. Results were compared with simulations.
During the past five years, results of our research have been presented in various papers and reports. A complete list is included in Appendix A. Some of our research work has resulted in computer programs. These programs are included on the enclosed diskettes. They may be useful for other researchers working in this field and for companies interested in developing commercial software.
Introduction
Researchers at Stanford University have completed a five-year project on the productivity and injectivity of horizontal wells. The project was initiated as a result of industry surveys that clearly identified the inability of techniques available in the early 1990s to make accurate predictions of individual well performance. Our project was intended to identify the causes of poor predictions followed by the planning and development of new design and analysis techniques where appropriate. Our proposal to the Department of Energy included work in the following major areas:
1. Development of fast analytical techniques for calculating productivity/injectivity of non-conventional wells by appropriate coupling of reservoir with wells.
2. Development of special flexible gridding techniques for horizontal and multilateral wells (or wells of arbitrary orientation).
3. Analysis and modeling of coning and cresting problems in horizontal wells.
4. Investigation of the influence of near well heterogeneities on well performance and techniques for incorporating essential heterogeneities in predictive models.
5. Establishing the importance of pressure drop in horizontal wells in determining well productivity.
6. Development of models for predicting pressure drop in wells with influx through the wall.
7. Application of new models to field cases.
8. Investigation of new applications of horizontal wells for EOR projects.
It was recognized at the inception of this project that there were no suitable models available for singlephase and multiphase flow in perforated wells. Substantial experimental data were required to develop and test such models. To accomplish this goal a parallel project was established with industrial support. Experiments were planned and executed in Marathon's Petroleum Technology Center in Littleton, Colorado. While the Department of Energy did not support this work, it was closely integrated with DOE sponsored projects as discussed in this report.
The industrial consortium established by the project to fund portions of the work not supported by the Department of Energy also provided technical guidance throughout this project. An annual meeting of the consortium was held to review research conducted and to develop future plans.
At the last meeting of the industrial consortium held on October 2 and 3, 1998 several new projects were identified and we were encouraged to continue research in these important areas. Members of this consortium are listed in the next section.
Important new results were obtained in all of the areas mentioned above. Highlights of some of the results of our research are discussed in Section 5. Complete details of the project are contained in the reports and papers listed in Appendix A.
Highlights of Research Results
This report is not intended to give complete details of research conducted under this project. Only highlights of selected projects are given here. Full details are available in the reports and papers listed in Section 7.
Coning and Cresting
One of the problems that a production engineer must face is the prediction of water and gas breakthrough times and post-breakthrough behavior (WOR, GOR). While reservoir simulators can be used to make such predictions (Figure 1 ). Computational and data requirements often make this approach impractical for some situations 52 . One of the earliest studies we conducted was on developing analytical solutions of the problem of water and gas cresting into a horizontal well. As a part of this study existing solutions were also evaluated. Calculations performed by Arbabi and Fayers 1 for a 500 meter long horizontal well showed that critical rate calculated by different methods ranged from 18 m 3 /day to 442 m 3 /day. They also showed that numerical simulation of the same problem gave a critical rate of about 19 m 3 /day. They developed a new method that provided results close to those from the simulator. Our analysis also showed that all analytical solutions require boundary conditions that are unreasonable for most practical situations, and that critical rates are far too low for the economic development of most oil reservoirs.
Because the post-breakthrough behavior cannot be predicted by analytical methods, the second phase of this work involved the development of a dimensionless correlation. Souza 2 conducted this work as a part of his Ph.D. research and the results are also reported in Reference 3. The "data" for the correlation were developed through simulations over a full range of parameters of practical interest. Optimum gridding strategies were also developed. The resulting correlations are fast and easy to use. They provide quick estimates before expensive simulations are conducted. The figure below shows some results from our correlation -which takes only a few seconds -and reservoir simulation which takes several minutes. Figure 1 shows results of a real offshore field where pressure drop in the well has a substantial influence on well performance. Results shown are obtained with a commercial simulator with pressure drop in the well included in the calculations. In this case the drawdown is much higher at the heel than at the toe. This figure clearly demonstrates the need for including wellbore pressure drop in the analysis of horizontal wells in high permeability reservoirs.
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Multiphase Flow in Pipes and Perforated Wells
Experiments
Over 1000 experiments were conducted in a 6.18 inch ID pipe with various combinations of inflow along the test section. Measurements of pressure drop holdup and flow pattern were made for single and multiphase flow, with and without liners, with and without wall influx, different types and density of perforations, and for horizontal and inclined pipes. A small portion of the test section is shown in Figure 3 . These experiments form the basis of correlations and models discussed in the next section. Details are reported in Reference 4. 
Correlations
In the first phase of our work in this area we developed procedures for modifying friction factor when fluid influx or efflux takes place through the pipe wall. In addition a special acceleration term has to be included in the pressure drop correlation. These correlations are discussed in Reference 46 and have been used in our work on reservoir/well coupling reported later in this report.
Mechanistic Models
The figure below compares some of our experiments with a new mechanistic model developed in our work. This figure confirms that even complex mechanistic models have difficulty predicting the behavior of horizontal wells 5 . While most of the predictions are within 20% of experiments, this model is superior to other mechanistic models. There is however considerable room for improvements. 
Simple Homogeneous Models
Because mechanistic models are difficult to use we decided to also develop a simple homogeneous model. The results of this model are shown in Figure 6 . The advantage of this model is that it is not based on flow pattern predictions. This eliminates of the main difficulties with mechanistic models, where criteria for transitions between flow patterns is a major issue. With additional work, we are optimistic that such simple models can be developed for use in most horizontal well applications. It is interesting to observe that in this case the simpler homogeneous model performs better than the more complex mechanistic model. 5 As shown in figure above, the simple homogeneous model does an excellent job and should be adequate for most practical applications. It should be pointed out that our homogeneous model accounts for slip between phases and therefore is different from homogeneous models used in many commercial simulators.
Reservoir Wellbore Coupling
While simulation using multiphase, multidimensional numerical models is the standard way to predict the performance of horizontal wells, analytical models that provide the exact solution for homogeneous reservoirs are still needed. These solutions can be used to 1. test numerical simulators, 2. do fast calculations of productivity index, and 3. obtain correct well index for input to simulators.
We have developed and tested models for horizontal wells that account for pressure drop in the well (finite conductivity well) 39, 45,48 and can be used for transient, steady state and pseudo state conditions. Additional work has allowed us to extend the model to wells of arbitrary configuration as shown in figure below In the figure below we have plotted the productivity index improvement compared to a vertical well in the same reservoir at a specific production rate. Similar results can be obtained at other flow rates to see the effect of pressure drop on the performance of various options. This model can also be used to clearly show how the PI of a horizontal well changes with flow rate. If friction in the well is ignored (as is the case at low rates) PI is independent of flow rate. But, as shown in figure below, at high flow rates PI drops due to friction in the well. 
Gridding
One of the major contributions of our research has been the development of a flexible grid simulator called FLEX 8, 9, 10 . This simulator can use full tensor permeabilities and many types of flexible grids. An example of the type of grid that can be used in this simulator is shown in figures below. Flexible grids are essential for accurately modeling non-conventional wells in geologically complex reservoir. The grid must follow the well and major geological features. This is a complex problem, particularly for three-dimensional simulations with full tensor permeabilities. Work completed so far has focused on investigating the advantages and disadvantages of various gridding approaches. Further work is need to make the use of flexible grid feasible for practical applications. Some of the primary issues to be resolved are: efficient solution of linear and nonlinear equations resulting from the approximation of flow equations over flexible grids, generation of optimal grids in two and three dimensions, flux calculations across gridblock boundaries when the permeability tensor is full, and accounting for pressure drop in the well.
Uncertainty in Making Predictions
We have done detailed investigations on the causes of uncertainty in making well performance predictions 38 . The figure shown below is an example of 20 predictions made for the same well using geological descriptions that honor the same data. We have shown that geological heterogeneities, particularly near the well have a crucial effect on results. Unfortunately, it is not easy to model fine scale heterogeneities in routine simulation studies. Either a very fine grid must be used or an appropriate upscaling technique must be developed. Use of fine grid leads to extremely small time steps and convergence problems. Use of standard upscaling methods leads to the loss of information about important geological features. Additional work is required in both of these areas. We have found that simulation results obtained without close attention to these two factors can be very far from reality.
Description of Software
Not all of the programs written during this research project are suitable for distribution. Programs suitable for use by practicing petroleum engineers are contained in a self extracting file called SSDO898.exe. Once executed, this file will expand to provide several directories and a file called DOE.html. This file can be viewed by any browser. It provides complete documentation for all of the programs with appropriate links to each module. A brief summary of the programs provided is given below: 1.
Mechanistic Model for Multiphase Pipe Flow
This program is based on extensive research utilizing experimental data and mechanistic modeling for liquid/gas flow in pipes. It can be used to predict pressure drop in pipes where the flow has stabilized.
Productivity of Horizontal Wells
This program provides an analytical solution for a well in a brick-shaped three-dimensional homogeneous (anisotropic) reservoir. The well can be at any location and the well axis must be parallel to one of the boundaries. The well may be produced at constant rate or constant pressure. The program can be used to obtain the PI or WI of the well. The pressure drop in the well is ignored in this program.
Optimum Horizontal Well Length Calculation
This program accounts for the wellbore pressure drop and includes a simple economic model. It can predict the optimum well length under steady state conditions.
Wellbore/Reservoir Coupling
This is a general program for solving coupled reservoir/wellbore problems. The analytical solution for the reservoir is the same as in 2 above, but the wellbore pressure drop is included. The well is divided into segments and superposition is used to account for the influence of each segment on the solution. This is a very general model.
Well Pressure Profile Calculation
This is program allows the well to be of arbitrary profile in a three-dimension reservoir. Other restrictions are the same as in 2 above.
Correlation for Cresting Behavior in Horizontal Wells
This program can calculate breakthrough times and post breakthrough behavior for horizontal wells. The correlation is based on extensive runs with a commercial reservoir simulator.
Analytical Solution for Critical Cresting Rate in Horizontal Wells
This program can calculate critical rates for horizontal well by seven different methods, including a new method developed at Stanford University.
Recommendations for Future Work
While considerable progress has been made over the past five years, many important problems need further investigation:
• Simulation While Drilling (SWD). Our industrial members have identified real time data integration and predictions while the well is being drilled as an important problem.
• Upscaling in Well Region. We have shown that the performance of horizontal wells is strongly affected by near well heterogeneities. Modeling of these heterogeneities requires unreasonably fine grids. New upscaling techniques are required for the near well region.
• Analysis of Field Data. Testing of new simulation techniques on carefully collected field examples is required.
• Application of Multilateral and Horizontal Wells. There are many situations where currently vertical wells are used but where non-conventional wells may prove beneficial. These possibilities should be explored.
• Multiphase Flow in Wells. Additional experiments are needed to obtain sufficient data for the development of models to predict pressure drop in wells with influx.
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